Purified budded virions of Autographa californica nuclear polyhedrosis virus (AcNPV) contain abundant amounts of free ubiquitin, which has an altered electrophoretic mobility on SDS gels as compared with standard ubiquitino Phase extraction of virion proteins with Triton X-114 i ndicated that the modified form of ubiquitin behaved as an integral membrane protein. The membrane-bound form of ubiquitin was labeled with both phosphate and palmitate, and its electrophoretic mobility was altered by treatment with phospholipase A2 and a phosphatidylcholine-specific phospholipase D. Mild trypsin digestion indicated that the acyl group was not linked to the C-terminus of the protein. Acylated ubiquiUn could not be radiolabeled with a membrane-impermeable BoRon-Hunter reagent unless virus was pretreated with detergent. Together, these experiments suggest that ubiquitin is attached to the inner face of the viral membrane by a novel type of phospholipid anchor.
Introduction
Covalent attachment of lipid is an important posttranslational modification of many eukaryotic proteins, including proteins of enveloped viruses. In many cases, the acylation of viral proteins with fatty acid is responsible for localization of the viral protein on the plasma membrane of infected cells and is implicated in the formation, maturation, and budding of infectious virus particles (reviewed by Grand, 1989; Schmidt, 1989) . Two long-chain fatty acids, palmitic acid and myristic acid, are usually involved in the covalent attachment to viral structural proteins. Studies have shown that myristic acid is amide linked to N-terminal glycine residues and that pamitic acid is linked to internal cysteine residues through a thioester linkage. The enzymes that catalyze these modifications are encoded by the host cells, and host proteins are also subject to myristylation and palmitylation (James and Olsen, 1990; Towler et al., 1988) . In addition, two other types of acyl modifications are found in many eukaryotic cells. Numerous proteins are modified at C-terminal cysteine residues by covalent attachment of isoprenyl groups derived from intermediates of the cholesterol biosynthetic pathway (Maltese, 1990) . Also, many cell surface proteins are modified by attachment of a complex glycan phospholipid (Cross, 1987; Ferguson and Williams, 1988) . The glycosylphosphatidylinositol (GPI) anchors are attached to the C-terminus of proteins after removal of a hydrophobic signal sequence.
The baculovirus Autographa californica nuclear polyhedrosis virus (AcNPV) encodes a protein with homology to ubiquitin (Guarino, 1990) . Ubiquitin is a small, highly conserved eukaryotic protein that is involved in a number of cellular processes, including the targeting of proteins for degradation (Rechsteiner, 1991) . At least one other member of the Baculoviridae, Orgyia pseudotsugata virus (Russell and Rohrmann, 1993) , also encodes a ubiquitin homolog. Examination of the two baculovirus ubiquitins reveals important characteristics. First, the residues known to be essential for ubiquitin function have been conserved in both viral proteins. Specifically, these residues include the six amino acids at the C-terminus, His-68, and Lys-48. Second, the viral proteins are more closely related to each other than to animal ubiquitin. Most of the substitutions occur at the same amino acid residues, although the substituted amino acids sometimes differ. These similarities suggest that viral ubiquitin has evolved for a specific purpose.
The Baculoviridae are the only viruses currently known to encode ubiquitin homologs. However, insertion of a host gene encoding ubiquitin has been implicated in the conversion of a nonpathogenic form of bovine viral diarrhea virus to a pathogenic virus (Meyers et al., 1991) . In addition, the host ubiquitin pathway may be involved in the replication of many viruses (reviewed by Driscoll and Finley, 1992) . African swine fever virus encodes a protein with homology to the ubiquitin-conjugating enzymes (Rodriguez et al., 1992) , suggesting that the virus may have the ability to manipulate the specificity of the ubiquitin pathway. Bovine papillomavirus E6 protein alters the target specificity of the ubiquitin-dependent protease by binding to host p53, thereby promoting degradation of p53, which is believed to contribute to cell transformation (Scheffner et al., 1990; Crook et al., 1991) . Sindbis virus uses the ubiquitin-dependent proteolytic pathway to regulate the intracellular concentration of its RNA polymerase (de Groot et al., 1991) . Another virus that affects the host ubiquitin system is herpes simplex virus. Infection of HeLa cells with herpes simplex virus leads to induction of the host polyubiquitin gene by the viral transcription factor ICP4 (Kemp and Latchman, 1988) . In addition, viral infection of mammalian cells induces the expression of a ubiquitin homolog, UCRP, as part of the interferon response (Haas et al., 1987) . Like ubiquitin, this protein is conjugated to a heterogeneous set of cellular proteins (Loeb and Haas, 1992) . Ubiquitin is also found in some virus particles. Ubiquitin molecules are covalently linked to the coat proteins of several plant viruses (Dunigan et al., 1988) , while free ubiquitin is an abundant component of avian leukosis virus (Putterman et al., 1990) . Here, we show both host and viral ubiquitin are structural proteins of budded virus particles of AcNPV. Ubiquitin is anchored to the inner face of the virion envelope by covalently linked phospholipid. 
Results

Immunoblot Analysis of Ubiquitin in Purified Virus
We have previously shown that viral ubiquitin is highly expressed during the late phase of viral replication (Guarino, 1990) . Because many late viral proteins are incorporated into virus particles, we performed an immunoblot analysis of purified virions, using a monoclonal antibody (MAb 4F3) against ubiquitin ( Figure 1A ). The most prominent feature of this blot was a doublet of bands near the bottom of the gel. The faster of the two bands exactly comigrated with a ubiquitin standard, while the slower protein comigrated with a 6 kDa marker protein (bovine trypsin inhibitor). The doublet of monoubiquitin bands was mirrored by a triplet of bands at the position of diubiquitin. In addition, numerous higher molecular mass conjugates were detected. diubiquitin bands were recovered in the detergent-soluble fraction. Most of the larger conjugates were tightly associated with the nucleocapsids. The detergent-soluble fraction is composed of two types of proteins: integral membrane proteins and soluble proteins that are located in the space between the membrane and the nucleocapsids. Ubiquitin is a soluble protein, and so we expected that it would be of the latter class. To investigate this, we solubilized virus with Triton X-114 and performed a phase separation. Immunoblot analysis of the extracted proteins revealed that the two forms of monoubiquitin fractionated differently ( Figure 1B ). The faster migrating band that comigrates with standard ubiquitin separated into the aqueous phase. However, the slower migrating form of ubiquitin was extracted into the detergent phase, indicating that it had the properties of a hydrophobic protein. A similar pattern was seen for the three bands that migrate at the expected position of diubiquitin. The fastest migrating protein band was recovered in the aqueous phase, while the two slower migrating forms were extracted into the detergent phase.
Ubiquitin Is Not Modified at the C-Terminus
One possible explanation for the hydrophobic nature of the modified form of ubiquitin is that the protein was covalently linked to a small hydrophobic peptide through the C-terminal glycine residue. To test this possibility, the detergentsoluble fraction of virus was treated with trypsin for short periods of time (Figures 2A and 2B ). As previously reported (Cox et al., 1986) , treatment of native ubiquitin with trypsin results in the rapid cleavage at Arg-74 to release the C-terminal diglycine peptide. As a control, we also digested bovine ubiquitin with trypsin ( Figures 2C and 2D ). The treated proteins were transferred to nitrocellulose and probed with two MAbs. One MAb (1G2E2) recognizes the extreme C-terminal epitope of ubiquitin and does not react with the trypsin-treated protein (Figures 2A and 2C ). The other MAb (4F3) reacts with ubiquitin lacking amino acid residues 75 and 76 ( Figure 2D ). As shown in Figure 2B , the doublet pattern of free ubiquitin from the virions was unchanged by treatment with trypsin. This suggests that the hydrophobic nature of modified ubiquitin was not due to ligation of ubiquitin to a hydrophobic peptide or acyl group.
Incorporation of Radiolabeled Phosphate and Palmitate into the Modified Form of Ubiquitin
The difference in apparent mobility of the two monoubiquitin bands could be explained by some type of posttranslational modification. However, such modifications have not been previously reported for ubiquitin. Analysis of the amino acid sequence of the protein eliminated several possibilities. Both host and viral ubiquitin lack recognition sites for N-glycosylation, myristylation, and isoprenylation. In addition, both ubiquitins lack cysteine residues, which are the common attachment sites for palmitic acid. However, ubiquitin does contain internal serine and threonine residues that could serve as acceptors for phosphate or palmitate. To test for phosphorylation, virions were purified from AcNPV-infected cells grown in the presence of [32p]orthophosphate. SDS gel analysis revealed that radiolabel comigrated with the modified form of ubiquitin in the membrane fraction ( Figure 3A , lane 3). Radioimmunoprecipitation with a ubiquitin-specific antibody confirmed that the 32p label was associated with ubiquitin ( Figure 3A , lane 5). Attempts to recover 32P-labeled phosphoamino acids from 32P-labeled ubiquitin were unsuccessful (data not shown). In addition, the 32p label was resistant to treatment with calf intestinal phosphatase and acid phosphatase (data not shown). Phosphorylation alone could not account for the hydrophobic nature of the modified form of ubiquitin. Therefore, additional tests were performed to look for acylation of ubiquitin. Virus was purified from AcNPV-infected cells grown in the presence of [3H]palmitic acid. On SDS gels, radioactivity was associated with the major membrane glycoprotein gp67 ( Figure 3B , lane 1), as previously reported (Roberts and Faulkner, 1989) . Radioactivity was also associated with the modified form of ubiquitin ( Figure 3B ). The labeled band (PL) near the bottom of the gel is [3H]phospholipid. Radioimmunoprecipitation with a MAb against ubiquitin confirmed that the smaller acyl protein was ubiquitin. The identity of the fatty acid label associated with ubiquitin was confirmed to be palmitic acid by acid hydrolysis and subsequent thin layer chromatography (TLC) analysis of the lipids (data not shown).
Chemical Analysis of the Phospholipid Attached to Ubiquitin
Some types of phosphate and acyl modifications are sensitive to treatment with alkali. Incubation of the detergentsoluble fraction of virus in the presence of methanolic KOH (0.1 M) resulted in a rapid increase in the mobility of the slower migrating form of ubiquitin as detected by immunoblot analysis ( Figure 4A ). This increase in mobility correlated with a loss of the [3H]palmitic acid label ( Figure 4B ). The 32p label was stable for at least 1 hr at 37°C, but was lost entirely after an overnight incubation in methanolic KOH ( Figure 4C ). The sensitivity of the ubiquitin-modifying groups to alkali suggests that two different ester linkages are involved. The rapid change in migration and loss of the palmitate label is probably due to the hydrolysis of fatty acid esters, which are extremely sensitive to alkali (Ditmer and Wells, 1969) . The slower dephosphorylation is consistent with the known properties of phosphoserine and phosphothreonine residues in proteins (Duclos et al., 1991) . The mobility of the hydrophobic form of ubiquitin was resistant to treatment with 1 M hydroxylamine at pH 7.0 and pH 9.0 for 1 hr at 37°C (data not shown). This is consistent with the known properties of phosphate esters to serine and threonine residues (Duclos et al., 1991) and with the fatty acid esters of dipalmitoyl phosphatidylcholine (Kaufman et al., 1984) .
Sensitivity of Modified Ubiquitin to Different Phospholipases
These observations suggested that the modification of ubiquitin may involve the covalent attachment of phospholipid to ubiquitin. To test this possibility, the detergent-soluble fraction of virus was treated with Crotalus adamanteus phospholipase A2 (PLA2). This enzyme catalyzes the hydrolysis of the ester linkage at the C-2 position of phospho- Figure 6 . Analysis of Phospholipid Anchor s2P-labeled ubiquitin was digested with PLD; the reaction products were extracted in chloroform:methanol (2:1) and analyzed by twodimensional TLC. The positions of marker phospholipids are shown. PA, phosphatidic acid; PC, phospatidylcholine; PE, phosphatiylethanolamine; PI, phosphatidylinositol; PS, phospatidylcholine. In the absence of PLD, no counts were extracted into the chloroform:methanol (data not shown). The TLC plate was exposed to X-OMAT AR film for 2 days with an intensifying screen. Standards were detected by exposure to iodine vapor and ninhydrin.
glycerides (Wells and Hanahan, 1969) . PLA2 altered the migration of the modified ubiquitin band to a position intermediate between the unmodified and fully acylated forms ( Figure 5A, lane 3) . PLA2-treated ubiquitin partitioned into the detergent phase with Triton X-114, as did the fully acylated form of ubiquitin ( Figure 5A, lanes 8 and 9) . PLA2 decreased the intensity of the [3H]palmitic acid label associated with modified ubiquitin ( Figure 5B , lane 2), but did not affect the 32p label ( Figure 5C , lane 2). These results are consistent with the removal of one fatty acid group from a diacylphosphoglyceride.
The only phospholipid modification of proteins that has previously been reported is the GPI anchor. GPI anchors are linked to the C-terminus of target proteins after removal of 25-35 amino acids constituting a hydrophobic signal sequence. Neither viral ubiquitin nor insect ubiquitin has a C-terminal hydrophobic sequence. In addition, the results presented in Figure 2 above indicate that the modification does not occur at the C-terminus of ubiquitin. One characteristic of GPI anchors is sensitivity to bacterial phosphatidylinositol-specific PLC (PI-PLC) and GPI-PLC. Treatment of viral membrane proteins with these enzymes did not alter the electrophoretic mobility of modified ubiquitin, nor did it change its hydrophobic nature as measured by Triton X-114 phase extractions (data not shown).
However, the phospholipid attached to ubiquitin was shown to be sensitive to Streptomyces chromofuscus PLD. This enzyme hydrolyzes the bond between the phosphate and the head group of phosphatidylcholine and related phosphoglycerides. After incubation with PLD, all of the ubiquitin migrated on gels at the position of unmodified ubiquitin ( Figure 5A , lane 4) and did not extract into the detergent phase with Triton X-114 (lanes 7 and 10). Consistent with this result, all of the palmitic acid and the phosphate labels were lost after PLD treatment ( Figure 5B , lane 3; Figure 5C , lane 3).
To characterize further the acyl group attached to ubiquitin, viral proteins were delipidated with chloroformmethanol to remove noncovalently bound phospholipids. Then, 32p-labeled ubiquitin was purified by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and treated with PLD. The product released by PLD was extracted into chloroform:methanol (2:1) and analyzed by two-dimensional TLC. All of the phosphate label comigrated with marker phosphatidic acid (Figure 6 ), confirming that a diacylphosphoglyceride was attached to ubiquitin.
Iodination of Whole Virus
To determine whether ubiquitin was anchored on the inner or outer face of viral membranes, whole virus was radioiodinated in the presence or absence of 0.2% NP-40 using a membrane-impermeable Bolton-Hunter reagent ( Figure  7 ). The radiolabeled proteins were then immunoprecipitated with control or ubiquitin-specific antibody. Modified ubiquitin was labeled in the presence of detergent, but not in the absence of detergent. This suggests that ubiquitin is anchored to the inner surface of the viral membrane. Ubiquitin was also inaccessible to antibody in the absence of detergent (data not shown).
Host and Viral Ubiquitin Are Modified
Infected insect cells contain both host and viral ubiquitin. The MAbs used in these experiments recognize conserved epitopes and so cannot discriminate between the two proteins. To determine which protein was acylated, viral membrane proteins were separated on SDS-polyacrylamide gels, transferred to Pro-Blot membranes, and subjected to N-terminal amino acid sequencing. Viral ubiquitin differs from insect cell ubiquitin at amino acid resi- Animal MQIFVK AcNPV MQIFIK
Amino Acid Figure 8 .
N-Terminal Sequencing of Ubiquitin in AcNPV Virions
Free and modified ubiquitin were purified by SDS-PAGE and subjected to automated N-terminal amino acid sequence analysis (Applied Biosystems 475A). The yield of PTH amino acids were corrected for lag. The data for one analysis are presented. The values discussed in the text reflect the average of two separate amino acid sequence analyses. due 5; the viral protein has isoleucine at this position, while the animal protein has valine (Figure 8 ). The amino acid sequence of free and modified ubiquitin was identical. At amino acid 5, the yield of PTH amino acids was 22% isoleucine and 78% valine. This result indicates that both host and viral proteins are modified.
Discussion
We show here that ubiquitin is subject to a novel type of posttranslational modification. A dipalmitoyl phosphatidic acid group is covalently attached via an ester linkage to ubiquitin, possibly to an internal serine or threonine residue. We propose that the acylated form of ubiquitin should be named phosphatidyl-ubiquitin (Pt-Ub). Analysis of PtUb by the Triton X-114 assay, which is a measure of overall protein hydrophobicity, indicated that Pt-Ub behaved as an integral membrane protein, partitioning primarily into the detergent phase. Acylation is a method by which hydrophilic, essentially cytoplasmic proteins may be targeted to the cell membrane in which they are advantageously placed to perform a specialized function. Many viral proteins are modified by myristylation at an N-terminal glycine residue or by palmitylation at internal cysteine residues (reviewed by Grand, 1989; Towler et al., 1988; Schmidt, 1989) . In viruses, it seems that acylation has important roles in mediating protein-protein interactions within the virus and in the spatial organization of viral proteins during assembly.
The type of lipid anchor described here differs from those previously reported. It is unlikely that ubiquitin could be subject to myristylation, palmitylation, or isoprenylation as the protein lacks the appropriate recognition sequence for myristylation and cysteine residues for palmitylation and isoprenylation. In addition, these modifications all involve attachment of a single fatty acid chain. The ubiquitin anchor is apparently a diacylphosphoglyceride, as evidenced by the sensitivity of the acyl group to PLA2 and PLD. The only previously described phospholipid-containing modification for proteins is the GPI anchor (reviewed by Low and Saltiel, 1988; Ferguson and Williams, 1988) . GPI anchors are linked to the C-terminus of target proteins after removal of a 25-35 amino acid hydrophobic signal sequence. Neither viral nor insect ubiquitin has a C-terminal hydrophobic sequence (Guarino, 1990) . Furthermore, trypsin digestion of Pt-Ub indicated that the modification does not occur at the C-terminus of the protein (Figure 2 ). GPI anchors attach proteins to the external surface of membranes, while the phosphatidyl anchor for ubiquitin apparently targets the protein to the inner face of the viral membranes.
Nothing is known concerning the mechanism for covalent attachment of phospholipid to ubiquitin. Of particular interest is whether the linkage is enzymatically catalyzed, and if so, whether the enzymes are encoded by the virus or the host cells. We attempted to look for Pt-Ub in infected and uninfected cells, but have been unable to detect it. This may be due to the fact that the cells contain a phospholipase activity that rapidly removes the phosphatidyl modification from ubiquitin in virions (data not shown). Alternatively, the modification event may not occur until after the viruses bud from the cells. The fact that both host and viral ubiquitin are modified suggests that the enzymes are not able to discriminate between the two proteins. Furthermore, it raises the possibility that ubiquitin may be modified in uninfected cells. Myristylation and palmitylation of viral proteins are believed to be mediated by host proteins, as viruses do not encode these enzymes and many cellular proteins are also modified (James and Olsen, 1990; Resh, 1994) . The exact linkage of the phosphatidic acid to ubiquitin is also unknown. The alkali sensitivity of the 32p label suggests that the phospholipid is attached to the protein via an ester linkage, possibly to a serine or threonine residue in the protein. Alternatively, it is possible that the phosphatidic acid is ester linked to an alcohol, such as ethanolamine, which itself is amide linked to ubiquitin.
Baculoviruses produce two structurally distinct virus particles during their life cycle. Both of these particles are required for natural infection in insects. The occluded virions consist of enveloped nucleocapsids embedded within a paracrystalline array of the viral protein polyhedrin. Occluded virus is required for horizontal transmission of virus. In the occlusion body, the viral DNA is protected from harsh environmental conditions. Budded virus particles are responsible for cell to cell spread within an infected organism. Only budded virus is infectious in tissue culture, because the occlusions are stable at neutral pH and do not release their nucleocapsids. Pt-Ub was found only in budded virus particles, and apparently it is not a structural form of occluded virus (data not shown). The membrane of budded virus is derived from the plasma membrane as the virus buds from infected cells (Summers and Smith, 1987; O'Reilly et al., 1992) . Occluded virions do not bud from infected cells; instead, they assemble entirely within the nucleus. The membranes of occluded virions are probably derived from the nuclear membrane, although there are significant differences in the phospholipid profiles of occluded virions and nuclear membranes (Braunagel and Summers, 1994) . This suggests that the phosphatidyl modification specifically targets ubiquitin to the inner face of the plasma membrane and not to the nuclear membrane.
The functional role of membrane-anchored ubiquitin is also unknown. One possibility is that Pt-Ub is involved in the assembly of virus particles, as has been reported for acylated proteins of other viruses. For example, the gag proteins of most retroviruses are myristylated. Myristylation and membrane association of the retroviral gag proteins are essential for the formation of infectious virus (Rein et al., 1986) . The acyl group and a region of basic amino acid residues help to target the proteins to the inner face of the plasma membrane in which the gag proteins can direct assembly of viral particles (Zhou et al., 1994) . Similarly, studies on a small acylated 6 kDa envelope protein of Sindbis virus have shown that mutants encoding nonacylated 6 kDa proteins release virions from cells much more slowly and form particles with altered morphology (Gaedigk-Nitschko et al., 1990) . This suggests that the 6 kDa protein may be required for the optimal packing of spike glycoprotein trimers, which is thought to be essential for envelope curvature and interaction between the cytoplasmic domains of the trimer and the nucleocapsid. Alternatively, Pt-Ub could be important in the early stages of infection, during binding and entry of virus particles into the cell, as has been proposed for the myristylated VP4 protein of poliovirus (Chow et al., 1987; Paul et al., 1987) . The lipid anchor may direct ubiquitin to the plasma or vesicle membranes in which it could function in the passage of nucleocapsids across cellular membranes.
These studies were initiated in an attempt to learn more about the specific role of viral ubiquitin in the baculovirus life cycle. Although we demonstrated that ubiquitin is an abundant structural protein of budded virus particles, it is not clear that this is related to a functional role for viral ubiquitin. Most of the ubiquitin in virions, both free and membrane anchored, is derived from the host cells. The results of Russell and Rohrmann (1993) suggest that the function of ubiqu itin in baculovirus infection may be related to conjugation of a specific viral protein. However, it is not known whether host or viral ubiquitin is conjugated to this protein, nor is the identity of this protein known. Further investigations and construction of specific viral mutants may help to define the functions of Pt-Ub and viral ubiquitin in the life cycle of baculoviruses.
Experimental Procedures
Growth and Purification of Virus
AcNPV was propagated in Sf9 cells as previously described (Summers and Smith, 1987) . Budded virus was pelleted from spent media by centrifugation at 40,000 x g for 30 rain. The pellets were gently resuspended, and virus was banded in sucrose gradients (Summers and Smith, 1987) . Where indicated, virus was grown in the presence of 50 p.Ci/ml of [32P]orthophosphate (ICN) in phosphate-free Grace's insect medium (Summers and Smith, 1987) plus 0.5o/0 fetal calf serum or 50 p.Ci/ml of [9,10-3H]palmitic acid (New England Nuclear) in Grace's insect medium plus 0.5% fetal calf serum from 12-36 hr postinfection. Ubiquitin was quantitated on immunoblots by comparison of band intensities with dilutions of virus samples and purified bovine ubiquitin (Sigma), using a Molecular Dynamics densitometer. The viral protein gp64 was quantitated on SDS-polyacrylamide gels stained with Coomassie blue by comparing dilutions of virus with dilutions of a known amount of bovine serum albumin.
Expression of Viral Ubiquitin and Production of MAbs
Two different strategies were used to produce MAbs against the viral hometog encoded by AcNPV. First, a 700 bp XmallI-Hindlll band containing the viral ubiquitin gene (Guarino and Smith, 1990 ) was cloned into the BamHI and Hindlll sites of the bacterial expression plasmid pUR290 (Ruther and Muller-Hill, 1983) . Plasmid DNAs were purified on cesium chloride-ethidium bromide gradients, and cloning procedures followed established protocols (Sambrook et al,, 1989) . Bacteria were grown and induced with 1.0 mM IPTG. The fusion protein was purified by SDS gel electrophoresis, and a gel slice containing fusion protein was emulsified in PBS. Mice were immunized with fusion protein and boosted at 14 day intervals with the same protein, Spleen cells were fused with Sp2/0 cells. Hydridoma supernatants were screened by ELISA, immunoblot, and immunoprecipitation with viral and bovine ubiquitin. Monoclonal cell lines 4F3 and ID8 were generated with this protocol.
An alternative protocol was based upon the expression of native viral ubiquitin in bacteria. A 1.8 kb PstI-Hindlll containing the viral ubiquitin gene (Guarino and Smith, 1990) was cloned into the PstlHindlll sites of M 13mp19. Site-directed mutagenesis was performed using the otigonucleotide GTAATAATAGTGTACATATGCAAATATT-CATC (Kunkel, 1985) . Use of this oligonucleotide results in the construction of an Ndel (underlined) site at the translation initiation codon of the viral ubiquitin gene. A clone with the desired mutation was cloned into the Ndel and BamHI sites of the T7 expression vector, pET3a (Studier and Moffat, 1986; Rosenberg et al., 1987) . Cultures of DE3(lysE) recombinants were grown to an OD~0 of 0.6 and induced with 0.5 mM IPTG. After 2 hr at 37°C, cells were collected by centrifugation, resuspended in STE buffer (100 mM NaCI, 10 mM Tris-HCI [pH 8.0], 1 mM EDTA), and lysed by one cycle of freeze-thaw. Cell debris was removed by centrifugation at 20,000 x g for 20 min. Proteins were precipitated with ammonium sulfate (30%-85%) and dialyzed overnight at 4°C against 2 liters of 25 mM ammonium acetate (pH 4.5). The proteins were loaded onto a Mono S HR 5/10 column in the same buffer and eluted with a linear salt gradient (0 to 0.5 M). The peak fractions coeluting with bovine ubiquitin were concentrated by ultrafiltration and injected onto a HR10/30 Superose 12 column gel filtration column equilibrated in 50 mM Tris (pH 7.5), 50 mM NaCI. Mice were immunized with purified protein emulsified in Freund's complete adjuvant and boosted at 14 day intervals with protein emulsified in incomplete adjuvant. Hybridoma cell lines 4F1 and IG2E2 were generated with this protocol.
Immunoblot Analyses
Purified virion proteins were solubilized in disruption buffer, separated on 13% polyacrylamide gels, transferred to nitrocellulose, and probed with MAb 4F3. Immune complexes were detected with a secondary antibody conjugated to alkaline phosphatase (Harlow and Lane, 1988) . Virus labeled with [3H]palmitic acid was first treated with 1% NP-40 to solubilize the membranes. The detergent-soluble fraction was then lyophilized and extracted with chloroform:methanol (2:1) to remove free phospholipids prior to SDS gel analysis.
Trypsin Digestion of Ubiquitin
Purified bovine ubiquitin or the NP-40-soluble fraction of viruses was digested with 5°/0 (w/w) TPCK-treated trypsin (Worthington) at pH 8.2 in the presence of 10 mM calcium chloride at 37°C, as described by Cox et al. (1986) . Samples were removed at the indicated times, divided in half, separately electrophoresed and blotted onto nitrocellulose, and probed with MAb 4F3 or 1G2E2. These MAbs recognize both viral and insect ubiquitin.
Phospholipase Treatments
Detergent-disrupted virions (-2.5 p~g of viral protein) were diluted in 8 mM Tris (pH 8.9), 4 mM CaCI2 and incubated with 10 U of Crotalus adamanteus PLA2 (Worthington) for 1 hr at 25°C (Wells and Hanahan, 1969) . For the PLD treatment, whole virus was diluted in 40 mM HEPES (pH 8.0), 4 mM CaCIz and incubated with 1 U of Streptomyces chromofuscus PLD (Boehringer Mannheim) for 1 hr at 30°C (Takayama et al., 1977) . The Triton X-114 extraction was done as previously described (Bordier, 1981) .
To analyze the phosphatidic acid moiety, 32P-labeled viral proteins were first deiipidated with chloroform:methanol (2:1) to remove noncovalently bound phospholipids, and the insoluble protein was electrophoresed on SDS gels. The ~2P-labeled ubiquitin band was eluted from the gel slice, concentrated under vacuum, resuspended in 40 mM HEPES (pH 8.0), 4 mM CaCI~, 0.1o/0 Triton X-100 and incubated with 5 U of PLD for 1 hr at 30°C. The reaction mixture was extracted into chloroform:methanol (2:1), concentrated under nitrogen, spotted onto a silica gel TLC plate, and developed in chloroform:methanol:water (65:25:4) in the first dimension and butanol:acetic acid:water (3:1:1) in the second (Berger and Schmidt, 1984) . The TLC plate was exposed to X-OMAT AR film for 2 days with an intensifying screen. Standards were detected by exposure to iodine vapor.
Iodination of Membrane-Bound Ubiquitin
A membrane-impermeable Boiton-Hunter reagent, sulfo-SHPP (Pierce Chemical), was diluted in 10 mM phosphate buffer (pH 7.3) and iodinated with 500 liCi of carrier-free Na12Sl (Amersham) using Iodobeads (Pierce Chemical). The resulting ~2Sl-sulfo-SHPP was then used to label intact virus (100 ~g of viral proteins) in the presence or absence of 0.2o/o NP-40 at 4°C for 30 min (Thompson et al., 1987) . The reaction was stopped by the addition of 10 p.g of lysine. The labeled virions were diluted with 1 ml of extraction buffer (50 mM Tris [pH 7.4], 150 mM NaCI, 0.5% Triton X-100) and microcentrifuged for 10 min to pellet nucleocapsids. The supernatants were divided into two tubes and immunoprecipitated with a control MAb or a mixture of two ubiquitinspecific MAbs 4F1 and 1D8.
N-Terminal Sequencing of Ubiquitin in AcNPV Virions
Purified budded virus (~ 100 pig of viral proteins) was extracted with 1% NP-40. The detergent-soluble fraction was precipitated with acetone and extracted with chloroform:methanol (2:1). The delipidated protein was dissolved in SDS sample buffer and separated on 13% SDS-polyacrylamide gels in the presence of 100 mM thioglycolate. The separated proteins were transferred to Pro-Blot membranes and localized by staining with Coomassie blue. The bands corresponding to free and modified ubiquitin were subjected to automated N-terminal amino acid sequence analysis (Applied Biosystems 475A). The yield of PTH amino acids were corrected for lag. The values discussed in the text reflect the average of two separate amino acid sequence analyses.
